| INTRODUCTION
Among patients with acute myocardial infarction (MI), extent of myocyte necrosis is a key determinant of adverse remodeling-including contractile dysfunction and left ventricular thrombus (LVT). [1] [2] [3] Echocardiography (echo) is widely used post-MI, but conventional approaches can be limited for estimation of MI burden and occasionally miss LV thrombi detected by more sensitive techniques such as cardiac magnetic resonance (CMR). [4] [5] [6] Data have also shown MI pattern to strongly impact risk of LVT independent of LV dysfunction and chamber remodeling. 1, 7, 8 Anterior MI is known to markedly increase risk of LVT, possibly due to alterations in LV flow-pattern. Our group and others have recently used CMR to demonstrate LVT to be strongly linked to apical MI size even among anterior MI patients without advanced global LV dysfunction or aneurysm. 8 Given that LVT provides a substrate for embolic events and a rationale for anticoagulation, improved echo-based assessment of risk factors that predispose for post-MI thrombus is of substantial importance.
Echocardiography (echo) strain imaging provides a novel means of quantifying subtle alterations in myocardial deformation. Prior studies have shown strain to improve detection of impaired LV function in patients with coronary artery disease (CAD) as compared to visual wall motion or quantitative LV ejection fraction (LVEF). [9] [10] [11] Strain has also been shown to yield improved agreement with volumetric chamber quantification as provided by well-validated techniques such as CMR. 12, 13 Pilot studies have shown global strain to moderately correlate with MI size, 14, 15 although these studies have been limited by small sample size and wide variations in interval between echo and CMR. Moreover, regional strain impairment has yet to be tested against CMR-quantified regional MI size and functional indices. Uncertainty also exists as to whether the additive value of strain quantification requires dedicated image acquisition, or whether incremental utility can be gained via postprocessing of routine (nontailored) echo datasets.
More broadly, the impact of global or regional strain impairment on risk of LVT has yet to be studied.
This study tested utility of strain for assessment of MI size and LVT among anterior MI patients who prospectively underwent echo and CMR within a narrow interval. For this study, strain analysis was solely based on postprocessing of routine echo datasets-acquisition was in no way tailored for the purpose of strain optimization. Aims were twofold: (1) to assess echo-derived longitudinal strain as a marker of LV dysfunction and MI as quantified via CMR, and (2) to test the incremental utility of strain-measured by postprocessing of routine echofor stratification of risk of post-MI LVT.
| METHODS

| Study population
The study population consisted of patients with anterior ST elevation MI (STEMI) (left anterior descending culprit vessel occlusion) enrolled in a prospective study (clinical trial # NCT00539045) focused on post-MI remodeling. 8 In all patients, echo and CMR were performed within a narrow interval (72 hours) at a target of 1-month post-MI. 
| Imaging protocol
| Echocardiography
Transthoracic two-dimensional echos as well as Doppler indices were acquired in accordance with ASE guidelines using commercially available equipment (General Electric Vivid 7, Waukesha, WI, USA) equipped with 3.5 MHz transducers. Parasternal long-and short-axis as well as conventional apical (two-, three-, four-chamber) views were acquired during breath hold and archived in cine loop format from a minimum of 3 consecutive heartbeats.
| CMR
Cardiac magnetic resonance (CMR) was performed using 1. 
| Image analysis
Echocardiography (echo) and CMR were each analyzed (at time of acquisition) for conventional indices of LV function, MI size, and thrombus by experienced (ACC/AHA level III) physicians using previously validated methods. [20] [21] [22] Echo strain quantification was performed via retrieval analysis of stored images, which were queried from image archives and reanalyzed for the purpose of this study: Strain analysis was performed blinded to prior echo and CMR results, as well as clinical history.
| Echocardiography
Longitudinal strain (reported as absolute values) was quantified in (two-, three-, four-chamber) long-axis orientations, for which images were acquired with frame rates >50 Hz. Automated speckle tracking analysis was performed on a frame-by-frame basis using vendor independent software (Cardiac Performance Analysis, TomTec, Unterschleissheim, Germany). Regional strain was determined using a 16-segment model. Global longitudinal strain (GLS) was calculated as a weighted average of all LV segments. Segments that could not be evaluated (eg, due to poor endocardial definition with resultant inaccurate border tracking) were excluded from analysis. Abnormal GLS was defined as <17%.
LV chamber size and function was quantified based on linear LV dimensions, for which measurements were performed in accordance with ASE guidelines using methods previously applied in large-scale population-based research. 23, 24 Regional wall motion was scored in segments corresponding to strain indices, for which segmental contraction was graded as follows: 0 = normal; 1 = mild hypokinesia; 2 = moderate hypokinesia; 3 = severe hypokinesia; 4 = akinesia; 5 = dyskinesia.
| CMR
Global LV geometry and function was quantified on cine-CMR based on planimetry of end-diastolic and end-systolic chamber volumes, which yielded both LVEF and stroke volume. CMR regional deformation was quantified using a previously validated automated algorithm for LV volumetric segmentation, [25] [26] [27] 
| Statistical methods
Continuous variables were compared between groups using Student's t test (expressed as mean ± standard deviation); 
| RESULTS
| Population characteristics
The population comprised 74 patients who underwent echo and CMR 1 month (28 ± 7 days) post-STEMI as part of a prospective research protocol: All patients had echo and CMR within 72 hours (99% same day). For this study, digitally available echoes were retrieved from imaging archives and specifically reanalyzed (blinded to initial data) to test the additive value of GLS for stratification of infarct burden and thrombus. 90% of patients had adequate echo image quality for assessment of strain in all 16 LV segments-in the remaining 10%, a mean of 8 ± 4 segments was evaluable. Figure 1 provides a representative example of strain analysis. Table 1 details population characteristics in relation to normal or impaired GLS. As shown, GLS was impaired in over two-thirds (72%) of the population: Patients with and without impaired GLS were similar with respect to age, gender, and cardiovascular risk factors. Whereas chest pain to revascularization interval was longer among patients with impaired GLS (P = .03), groups were otherwise similar with respect to revascularization strategy and medication regimen (all P = NS).
| GLS in relation to global infarct burden and dysfunction
Global longitudinal strain (GLS) was examined in relation to MI size as measured by both conventional (enzymatic and ECG) indices, as well as CMR. As shown in Bold font corresponds to P-value <.05.
T A B L E 1 Clinical and imaging characteristics
as measured via multiple approaches: CMR-quantified MI size was 2.5-fold larger among patients with abnormal GLS, paralleling 2.6-3.1 fold differences in Q-wave size and peak CPK, respectively (all P ≤ .002).
When assessed as a continuous variable, GLS moderately correlated with extent of myocardial injury; correlation was highest with CMRquantified MI (r = .66; P < .001), but also significant for Q-wave size (r = .44; P = .001) and enzymatic indices (r = .52; P < .001). As shown in Figure 2 , GLS decreased stepwise in relation to population-based quartiles of CMR-evidenced MI size (P < .001); mean GLS was almost twofold higher among those in the lowest vs highest quartile of MI. volume (94 ± 37 vs 54 ± 20 mL; P < .001) and a lesser increase in LV end-diastolic volume (170 ± 41 vs 143 ± 33 mL; P = .01). Table 2 also demonstrates that GLS yielded similar magnitude of difference with respect to echo-derived LVEF (mean Δ = 14.9 points), consistent with the notion that strain-based associations with LV remodeling indices are modality independent.
| Regional strain in relation to localized infarct transmurality and dysfunction
Regional myocardial strain pattern was further tested in relation to corresponding indices of infarct size and contractile dysfunction. As shown in Table 3 , LV strain was lower in the base, mid, and apical LV among patients with CMR-defined transmural MI in each respective territory (all P < .05). Similarly, Table 4 demonstrates that regional strain correlated with both cine-CMR-quantified regional volumetric EF (r = .53-.71) and echo (r = .45-.69) defined visual wall-motion scores.
| Strain-based risk assessment for LVT
Among the overall study cohort, 18% (10/74) had LVT identified by the reference of delayed enhancement CMR, only 50% (5/10) of Bold font corresponds to P-value <.05.
F I G U R E 2
Global longitudinal strain in relation to myocardial infarct size. Global longitudinal strain (GLS) (mean ± standard deviation) among population-based quartiles partitioned based on CMR-evidenced MI size. Note stepwise decrements in GLS, paralleling increased MI size (P < .001) larger MI (26 ± 9 vs 17% ± 9%; P = .004) and lower LVEF (44 ± 7 vs 52% ± 13%; P = .02) on CMR than did patients without LVT.
Echo-derived global and regional strain pattern varied in relation to LVT: GLS yielded a 1.7-fold difference between patients with and without LVT (9 ± 4 vs 14% ± 5%; P = .002) whereas echo-derived LVEF yielded nonsignificant differences between groups (45 ± 6 vs 48% ± 12%; P = .3). Regarding regional strain, Figure 3 (top) illustrates that patients with and without thrombus had similar strain in the LV base (89 ± 26 vs 99% ± 22%; P = .23)-in the mid LV, mean strain was 26% lower in patients with thrombus (70 ± 17 vs 95% ± 25%; P = .002) whereas in the apical LV, mean strain was twofold lower (29 ± 11 vs 60% ± 29%; P < .001). As shown in Figure 3 (bottom), visually scored apical wall motion was higher among patients with LVT (13 ± 5 vs 8 ± 6; P = .02), paralleling differences in strain. However, whereas mid LV strain was significantly lower among thrombus-affected patients (P = .002), conventional assessment based on visual wall-motion score demonstrated nonsignificant differences between groups (7 ± 4 vs 6 ± 6; P = .80). Table 5 provides diagnostic performance of echo using strain and regional wall-motion cutoffs optimized to provide maximal sensitivity for LVT. As shown, an apical strain score of 50 would have enabled all patients with thrombus to be referred for contrast echo and/or DE-CMR while allowing for unnecessary further testing to be avoided in nearly half (47%; 34/73) of cases. Additionally, at matched specificity, apical and total strain yielded greater sensitivity and accuracy for LVT than did regional wall-motion scores, adding to the notion that regional and global strain provides incremental utility to conventional echo measures of LV function for the prediction of LVT. indices, and tissue-evidenced MI size measured by CMR (all P < .05).
| DISCUSSION
Magnitude of GLS impairment correlated with CMR LVEF (r = .79)
and MI (r = .66, both P < .001) was nearly twofold lower among patients in the largest (vs smallest) quartile of CMR-evidenced MI size (P < .001). Second, regional strain impairment in the basal, mid, and apical LV corresponded to regional MI and functional indices: Patients with DE-CMR-evidenced transmural MI in each territory had lower regional strain-volumetric EF measured by cine-CMR in each territory correlated with matched regional strain (r = .53-.71, P < .001). Third, GLS was nearly twofold lower (9 ± 4 vs 14% ± 5%; P = .002) among patients with LVT on CMR, reflecting regional decrements in mid and Bold font corresponds to P-value <.05.
T A B L E 3 Regional strain in relation to regional infarct transmurality To the best of our knowledge, this is the first study to test myocardial strain as a means of stratifying likelihood for LVT. Our observed association between global strain and thrombus is consistent F I G U R E 3 Regional strain and wallmotion scores stratified based on left ventricular thrombus. Regional LV strain (top) and corresponding visual wall-motion scores (bottom) among patients with and without LV thrombus (data reported as mean ± standard deviation). Note that mean apical strain was twofold lower among patients with LV thrombus (29 ± 11 vs 60% ± 29%; P < .001), paralleling differences in apical wall-motion score (13 ± 5 vs 8 ± 6; P = .02) This study builds on existing literature that has demonstrated DE-CMR to improve LVT detection as compared to echo alone. 19, 32 Although its advantages are well described, CMR remains unfeasible as a screening tool for LVT for all comers with MI. In addition to substantial cost issues, CMR is not widely available in clinical practice and technical considerations (breath holds and supine positioning in an enclosed space) render CMR impractical for many post-MI patients.
Findings of this study indicate that that noncontrast echo with strain analyses can be used to effectively stratify post-MI patients with the highest risk of LVT, thereby allowing for selection of at risk patients in whom further testing with contrast echo and/or DE-CMR is warranted.
It is important to recognize that no echos in our dataset were tailored for strain analysis. Despite this, dedicated postprocessing of archived data yielded strain results that correlated with MI size and incrementally improved predictive utility of echo for LVT. The notion that advanced postprocessing can improve diagnostic capability of a given imaging test has been shown in our prior research. 8, 25, 33 Among patients undergoing cine-CMR, we have shown automated segmentation to improve assessment of diastolic function and to stratify heart failure symptom status. 25, 33 Among post-MI patients, we have shown that cine-CMR segmentation (ie, regional apical EF) provides a structural risk factor for LVT. 8 Our current study extends logically on this approach, demonstrating that longitudinal strain quantification, obtained through advanced postprocessing of routine images, provides a marker of MI size that stratifies likelihood of LVT above and beyond conventional echo indices (ejection fraction and wall motion).
Several limitations should be noted. First, our study assessed patients with anterior MI so as to study a cohort known to be at high risk of LVT. While this cohort also allowed assessment of LV function and MI size, further research is needed to test whether our observed associations between echo-quantified strain and CMR indices are equivalent in patients with anterior or lateral MI. Second, it is possible that echo-based indices would have performed even better were circumferential strain quantified. On the other hand, circumferential strain typically requires dedicated image acquisition and thus may not be widely applicable to conventional echo data as routinely acquired clinically or in epidemiologic research studies. Finally, while our study tested echo strain in relation to CMR, it should be noted that prognostic utility of strain was not directly evaluated. Given that both CMR-evidenced MI size and thrombus have been shown to stratify prognosis, current data provide a logical basis for subsequent population-based research to test prognostic utility of myocardial strain in post-MI patients. [34] [35] [36] In conclusion, findings of this study demonstrate that longitudinal strain-as quantified via postprocessing of routine, nontailored, echoprovides a marker of MI size that incrementally improves stratification for CMR-evidenced LVT. Future studies are warranted to test whether magnitude of strain impairment differs between areas of infarction and ischemia, and whether strain-based indices enable prediction of LV remodeling and adverse prognosis among CAD population-based cohorts.
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